repair proteins encoded by the complementation groups has provided insight into these disease processes. NER is XPD codes for a DNA helicase involved in transcription and composed of two sub-pathways, global genome repair nucleotide excision repair. Rare XPD mutations diminish and transcription-coupled repair. Transcription-coupled repair nucleotide excision repair resulting in hypersensitivity to occurs rapidly because it repairs damage to the transcribed UV light and increased risk of skin cancer. Several polymorphisms in this gene have been identified but their strand of active genes, whereas global repair is much slower impact on DNA repair is not known. We compared XPD and repairs damage to inactive genes (6,7). XP results from genotypes at codons 312 and 751 with DNA repair profidefects in both transcription-coupled repair and global repair ciency in 31 women. XPD genotypes were measured by depending on the complementation group, and TTD and CS PCR-RFLP. DNA repair proficiency was assessed using a are caused by defective transcription-coupled repair and cytogenetic assay that detects X-ray induced chromatid probably alterations in transcription (8). Transcription and aberrations (breaks and gaps). Chromatid aberrations were repair are linked via the TFIIH complex, a basal transcription scored per 100 metaphase cells following incubation at factor that participates in NER and transcription initiation. 37°C (1.5 h after irradiation) to allow for repair of DNA Moreover, XPB and XPD are components of the transcription damage. Individuals with the Lys/Lys codon 751 XPD factor, TFIIH, thus explaining their involvement in diseases genotype had a higher number of chromatid aberrations with different phenotypes (9). (132/100 metaphase cells) than those having a 751Gln allele XPD protein possesses both single-strand DNA-dependent (34/100 metaphase cells). Individuals having greater than ATPase and 5Ј-3Ј DNA helicase activities and is thought to 60 chromatid breaks plus gaps were categorized as having participate in DNA unwinding during NER and transcription sub-optimal repair. Possessing a Lys/Lys751 genotype (9,10). NER repairs DNA damage induced by UV radiation increased the risk of sub-optimal DNA repair (odds ratio ⍧ and bulky DNA adducts. However, because XPD is involved 7.2, 95% confidence interval ⍧ 1.01-87.7). The Asp312Asn in both transcription and NER, it may contribute to repair of XPD polymorphism did not appear to affect DNA repair other types of damage, such as ionizing radiation. Studies proficiency. These results suggest that the Lys751 (common) using lymphocytes containing mutant XP genes have an allele may alter the XPD protein product resulting in subelevated chromatid aberration frequency after exposure to optimal repair of X-ray-induced DNA damage.
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37°C (1.5 h after irradiation) to allow for repair of DNA
Moreover, XPB and XPD are components of the transcription damage. Individuals with the Lys/Lys codon 751 XPD factor, TFIIH, thus explaining their involvement in diseases genotype had a higher number of chromatid aberrations with different phenotypes (9). (132/100 metaphase cells) than those having a 751Gln allele XPD protein possesses both single-strand DNA-dependent (34/100 metaphase cells). Individuals having greater than ATPase and 5Ј-3Ј DNA helicase activities and is thought to 60 chromatid breaks plus gaps were categorized as having participate in DNA unwinding during NER and transcription sub-optimal repair. Possessing a Lys/Lys751 genotype (9,10). NER repairs DNA damage induced by UV radiation increased the risk of sub-optimal DNA repair (odds ratio ⍧ and bulky DNA adducts. However, because XPD is involved 7.2, 95% confidence interval ⍧ 1.01-87.7). The Asp312Asn in both transcription and NER, it may contribute to repair of XPD polymorphism did not appear to affect DNA repair other types of damage, such as ionizing radiation. Studies proficiency. These results suggest that the Lys751 (common) using lymphocytes containing mutant XP genes have an allele may alter the XPD protein product resulting in subelevated chromatid aberration frequency after exposure to optimal repair of X-ray-induced DNA damage.
ionizing radiation, suggesting a role for NER proteins in the repair of ionizing radiation-induced damage (11 repair of X-ray-induced chromatid breaks and gaps. Reduced with a high degree of cancer incidence in family members (14-16). We found that the Lys/Lys751 was associated with Results reduced repair of X-ray-induced DNA damage.
We found no variants at codon 199 in our study population, Materials and methods precluding further analysis of that locus. The XPD 312 variant (Asn) allele occurred with a frequency of 0.42, similar to that Carolina genotyping study conducted in our laboratory (unpubthe other women had no previous diagnosis of cancer and were categorized lished results).
as either high risk (n ϭ 15), defined as having at least one first-degree relative or two second-degree relatives on the same side of the family with breast
Mean and/or median chromatid breaks, gaps and totals cancer, or low risk (n ϭ 15) for breast cancer.
(breaks ϩ gaps) were calculated for each XPD genotype (Table   DNA repair proficiency II). Because variant homozygotes were rare (n ϭ 2 and n ϭ DNA repair proficiency was assessed previously in a masked fashion using 1 for XPD 312 and 751, respectively), we combined them the assay developed by Sanford and co-workers (17, 18) . This assay measures with heterozygotes and compared that pooled genotype with unrepaired DNA (breaks and gaps) in cytogenetic preparations of metaphase the more common homozygote genotype. Individuals homozylymphocytes isolated from freshly drawn blood of the subjects. The lymphogous for the Lys751 (common) allele had significantly (P ϭ cytes were exposed to X-rays and incubated to allow for repair. Colcemid was added after 0.5 h, the cells were then incubated for another 1 h and then 0.01) higher chromatid aberrations (median ϭ 132) than those lysed. Since the distribution of breaks and gaps is bimodal, individuals can having a Gln751 allele (median ϭ 34). The median number be categorized as having normal (less than 60) and sub-optimal (greater than of chromatid aberrations was also higher in individuals homo-60) repair proficiency based on the sum of breaks and gaps per 100 metaphase zygous for the more common Asp312 allele than those having cells (14) . Helzlsouer et al. (14) reported that sub-optimal DNA repair was at least one variant Asn312 allele (132 and 50 breaks and gaps, more prevalent among women with a family history of breast cancer in this study population.
respectively). However, this difference was not statistically significant (P ϭ 0.22).
Genotyping XPD genotypes were determined using a PCR-RFLP technique. Poly- Figure 1 37°C with a discriminating restriction enzyme, and the digestion products were separated by agarose gels. Table I delineates these conditions. is small. Interestingly, all the women (n ϭ 7) having both the Lys/Lys751 genotype and categorized as having high risk for
Statistical analysis
breast cancer had sub-optimal repair.
We compared the number of chromatid aberrations (per 100 metaphase cells) for each XPD genotype using the Mann-Whitney Rank Sum test. We also
To assess the risk of sub-optimal repair due to different XPD categorized individuals as having either normal or sub-optimal DNA repair alleles, we categorized individuals into two repair proficiency proficiency as defined earlier and examined whether the risk of sub-optimal groups (sub-optimal and normal repair) based on the number repair proficiency was associated with XPD genotype. We stratified by age of chromatid aberrations (Table III) . In our study population, (dichotomized at the mean age of 42 years for our subjects). Exact odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated via conditional age was related to the Lys751Gln polymorphism (P ϭ 0.01) repair, we need to address three points concerning our findings: (i) the relationship between X-ray irradiation and XP; (ii) possible discordance between the present work and results from previous studies of rare mutant XPD genotypes; and (iii) the high frequency of the 751 Lys allele (Lys/Lys751 is the the rank sum test (P ϭ 0.34 and P ϭ 0.05 for the low-and high-risk (12) reported that extracts from XP cells were unable to repair groups, respectively). The dotted line represents the bimodal division a specific class of oxygen free radical induced base lesions.
between good repair and sub-optimal repair (60 chromatid aberrations).
Oxidative damage induced by ionizing radiation is preferentially repaired on the transcribed strand, suggesting a role for but not to risk status (P ϭ 0.6) or to the Asn312Asp enzymes such as XPD which participate in transcriptionpolymorphism (P ϭ 0.53). We observed a significant increased coupled repair (13). Thus, there is a plausible role for the XPD risk of sub-optimal DNA repair for women having the Lys/ protein in the repair of some types of radiation-induced damage. Lys751 genotype (OR ϭ 7.2, 95% CI ϭ 1.01-87.7; P ϭ With regard to the second point, we observed an increased 0.035), but not for the Asp/Asp312 genotype (OR ϭ 1.8, 95%
chromatid aberration frequency in cells from individuals having CI ϭ 0.3-11.0, P ϭ 0.47).
the Lys/Lys751 XPD polymorphism; however, Sanford et al. (22) , using the same cytogenetic assay, reported that the Discussion chromatid aberration frequency was not elevated in cells containing a rare XPD mutation (obtained from an XP patient). In this study, the Lys/Lys751 genotype was associated with sub-optimal repair of DNA damage induced by X-irradiation.
This discrepancy may be due to the different location of the polymorphism and the mutation; the polymorphism occurs at DNA repair was assessed using a cytogenetic assay that measures chromatid aberrations 0.5-1.5 h after treatment with codon 751 whereas most XP individuals in complementation group D have a mutation at codon 683, the putative nuclear X-rays. Chromatid aberrations result from unrepaired DNA strand breaks caused directly by X-irradiation, or indirectly as location signal which is believed to be responsible for XP symptoms (8, (23) (24) (25) . XPD is part of the TFIIH transcription a result of repair of other X-ray-induced damage such as base damage (16). Persistence of these breaks suggests a deficiency factor, which is a multi-protein complex involved in many different functions, including transcription, NER, transcriptionin DNA repair. DNA repair proficiency, as measured by this cytogenetic assay, has been associated with predisposition to coupled repair, apoptosis and cell cycle regulation (13). Thus, XPD interacts with many different proteins as part of this cancer (14-16). Parshad et al. (21) reported the sensitivity of the chromatid aberration assay was sufficient to detect XP complex. Amino acid variants in different domains, such as 683 and 751, of XPD may affect different protein interactions, carriers (heterozygotes) who were clinically normal. While the cytogenetic assay is well documented to detect deficient DNA and result in the expression of different phenotypes. While we (27) studied cellular radiosensitivity, using a cytogenetic assay 
